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Remarks 

In view of the above amendments and the following remarks, reconsideration of 
the outstanding office action is respectfully requested. 

This submission is accompanied by a Request for Continued Examination, a 
petition for extension of time, and an information disclosure statement. All fees should be 
withdrawn from Deposit Account 14-1 138. 

Claim 1 has been amended to recite higher stringency requirements (i.e., 
structural requirements of the claimed DNA molecule based on hybridization capability) as well 
the functional requirements of the encoded single-strand binding protein subunit ("binds to 
single-stranded DNA"). A form of the latter limitation also appears in original claim 9. Claims 
10 and 1 1 have been cancelled. 

Claims 1, 2, 6-9, and 12-21are pending, and claims 17-21 stand allowed. 

The objection to the specification is respectfully traversed in view of the above 
claim amendments and the following remarks. The specification of parent application 
09/057,41 6 and the present application both recite a number of stringency conditions that can be 
used (at page 30, lines 7-21), and clearly indicate that stringency of the hybridization conditions 
can be further modified by altering, among other variables, the salt or temperature. Specific 
support for the temperature and salt conditions presently recited in claim 1 are also provided at 
page 35, lines 19-29 (of both the present application and parent application 09/716,964), which 
also indicates that higher stringency washes can be utilized. Therefore, both the present 
application and the parent application provide descriptive support for the claim language. 
Because this language is not new matter, the objection to the specification should be withdrawn. 

The rejection of claims 1, 2, and 6-16 under 35 U.S.C. §112 (first paragraph) as 
lacking written descriptive support is respectfully traversed. 

The PTO has asserted at page 4 of the outstanding office action that the 
"function" of the encoded single-strand binding protein remains in question. Applicants 
respectfully disagree. 

Claim 1 presently recites that "the encoded single-strand binding protein binds to 
single-stranded DNA." Persons of skill in the art would appreciate that this is precisely the 
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function attributed to single-strand binding proteins that cooperate with polymerase in general, 
including polymerase III enzyme complexes. Indeed, the single-strand binding protein of E. coli 
was previously shown to bind cooperatively to single-stranded DNA and destabilize helical 
duplexes, causing a lowering of the melting temperature (see Kunkel et al., "Single-strand 
Binding Protein Enhances Fidelity of FN A Synthesis in vitro," Proc. Natl. Acad. Sci. USA 
76(12):6331-6335 (1979) ("Kunkel") at p. 6331 (copy attached hereto as Exhibit 1)). Kunkel 
even reports that the E. coli single-strand binding protein, when used with the E. coli Pol III 
enzyme complex and DNA polymerases of divergent sources, was capable of increasing fidelity 
by as much as 10-fold. Kunkel at abstract. 

Use of single-strand binding proteins of the present invention in combination with 
a Pol Ill-type enzyme is clearly contemplated (see page 44, lines 17-19, and page 45, lines 2-4 
("The reaction is incubated at elevated temperature . . . and could include other proteins to 
enhance activity such as a single strand DNA binding protein.")). This combination would be 
expected to function in a similar manner to other prior art single-strand binding proteins. Use of 
the DNA molecules to produce the encoded single-strand binding proteins is also contemplated. 

Given the shared function among single-stranded binding proteins, persons of 
skill in the art would have expected a shared structure/function relationship to exist for these 
proteins and their encoding nucleic acids. In fact, De Vries et al. reported as earlier as 1994 that 
the N-terminal amino acid sequences of single-strand binding proteins are highly conserved 
within the first two-thirds of the protein sequence and highly divergent within the C-terminal 
third. De Vries et al, "The Single-stranded-DNA-binding Proteins (SSB) of Proteus mirabilis 
and Serratia marcescens" Eur. J. Biochem. 224:613-622 (1994) at abstract and Fig. 2 (copy 
attached as Exhibit 2)). Thus, persons of skill in the art would have expected both structural and 
functional conservation among single-strand binding proteins and their encoding nucleic acids. 

That the encoded single-strand binding protein is structurally related to other 
single-strand binding proteins is evident from the comparison of the Thermus thermophilus 
single-strand binding protein of SEQ ID NO: 172 to the B. stear other mophilus single-strand 
binding protein of SEQ ID NO: 176 (see page 61, line 32, to page 62, line 2). These two species 
show about 23 percent identity over their length. 

From the foregoing, persons of skill in the art would have expected members of 
the claimed genus of DNA molecules encoding single-stranded binding proteins to possess both 
similar function and structure. Indeed, even higher similarity among the encoded single-strand 
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binding proteins would be expected among more closely related bacteria, and that is precisely 
what applicants demonstrated in the previous response {see Exhibits 1-3 attached to the 
November 27, 2006, amendment). Thus, given applicants prior demonstration of structural 
similarity among homologous single-strand binding protein subunits of Bacillus (and 
Geobacillus), applicants respectfully submit that the genus of isolated DNA being claimed is 
adequately represented by the species of SEQ ID NO: 175. 

With regard to claim 9, applicants submit that the same expectation would apply 
to nucleic acid molecules isolated from Bacillus (now Geobacillus) stearothermophilus variants. 
That is, given the relatedness of the organisms, persons of skill in the art would expect that the 
nucleic acids encoding SSB proteins would be structurally similar and encode functional 
equivalents. Thus, the species of SEQ ID NO: 175 would be expected to represent the small 
genus of variants encompassed by the claim. 

In view of all of the foregoing, applicants submit that the rejection of claims 1 , 2, 
and 6-16 is improper and should be withdrawn. 

The rejection of claims 1, 2, and 6-16 under 35 U.S.C. §1 12 (first paragraph) for 
lack of enablement is respectfully traversed. 

It is the position of the PTO that the specification does not provide sufficient 
guidance for making and using other DNA molecules encoding single-strand binding proteins 
within the scope of the claims. Applicants respectfully disagree. 

The present application provides the nucleotide sequence of Bacillus 
stearothermophilus ssb (e.g., SEQ ID NO: 175) and describes how one of ordinary skill can 
isolate homologs of the disclosed sequence {see page 41 , line 9 to page 42, line 29; Example 12), 
express the SSB protein encoded by such homologous ssb sequences {see Example 23, purifying 
Aquifex SSB protein), and test the encoded SSB protein for activity {see Examples 26 and 30, 
using Aquifex SSB protein in assay). Thus, one of ordinary skill in the art would have been fully 
able to make and use DNA molecules (and their encoded proteins) within the scope of the 
presently claimed invention. 

Moreover, with regard to method 3 for homolog identification, described at page 
42, that is precisely the approach used to identify the ssb homologs shown in Exhibit 1 of 
applicants' November 27, 2006, submission (i.e., from other Bacillus or Geobacillus organisms). 
For this reason, it should be apparent that the present application fully enables the production and 
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use of other species of Bacillus or Bacillus (how Geobacillus) stearothermophilus SSB-encoding 
DNA molecules. 



For these reasons, applicants submit that the rejection of claims 1, 2, and 6-16 for 
lack of enablement is improper and should be withdrawn. 

In view of all of the foregoing, applicant submits that this case is in condition for 
allowance and such allowance is earnestly solicited. 

Respectfully submitted, 



Date: January 21, 2008 /Edwin V. Merkel/ 

Edwin V. Merkel 
Registration No. 40,087 

NIXON PEABODY LLP 
1100 Clinton Square 
Rochester, New York 14604 
Telephone: (585)263-1128 
Facsimile: (585) 263-1600 
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Biochemistry 

Single-strand binding protein enhances fidelity of DNA synthesis 
in vitro 

(aettfraey/DNA sob-nwrmtt/DNA bidding protein /W jctertkm} 

Thomas A. Kunkel*, Ralph R. Meyer*, and Lawrence A. Loeb* 

•imeph Cottstein MeowrtaJ Ctnwr ruoarc* Laboratory, Department ol Pilbcfefy SMJ 
tbepartment of Blolniictl Srtenois. Untv»n*y of Cinciimati, CtaciMMU, Ohio *52*i 

Cofiiniuttiailad i>» OxMtl M«to, Auguit S7, 1979 

ABSTRACT The effect of EtcberlchU coli tmgle-strand 
binding protein on the accuracy of in v/tro DNA jynthejii b* s 
been determined by using two independent methods, By rain* 
the synthetic pofynueleoride polyf*A-T^ mad measuring dGTF 
miii Dcofpwiit ion or by using atXIM DNA nod measuring nu- 
cleotide tuhrtitvtfow, m f«md Hut binding protein Increases 
Ibe fidettty of DNA synthesis by «i mucfa u iWold. Tbia in- 
create i» observed with DNA polymerases of divergent sources 
mud ii progressive with increasing cmcentrallon of btodinf 
protein. The increased accuracy observed with DNA p ' 



r ..... . (A poJyiaw 

wet la eking »y- y eseeucleasc points to a meehanism other 
than augmented proofreading. In accord with tbe propertlei 



On the bull of • 
DNA replication in rjtoo it estimated to be 10" 7 to Itr" stable 
misracorrjonUfow par baas pair (1). Thir accuracy it several 
orders uf magnitude greater than that measured witb purified 
DNA. polymerases in txrro. typically lCr 9 to 1(T 5 (2, 3), The 
cellular m**h*ni«ou wed to achieve thil enhanced fidelllty are 
unknown, although several mechanisms have been suggested 
{3, 4). In our continuing effort to understand tbe cellular 
mechanism! for tbe accuracy of DNA replication, we have 
begun a systematic study of the influence of proteins known 
to be required for DNA replication on the fidelity of DNA 
synthesis in vitro. Of particular concern was stnglc-strtod 
binding protein (SSB), first purified by Alberts and Frey from 
^-infected Etcherichia eoH (5) and later from uninfected E. 
coli (6), SSB has been shown to be esasntiaJ for DNA repbeaboo 
(5, 7-9) and to be involved in the processes of recombination 
and repair (ref. 10; unpublished results). SSB binds coopera- 
tively to single- stranded DNA and deetabilina helical duplexes, 
causing a lowering of the melting temperature (5). These 
characteristics have been used to isolate similar DNA binding 
proteins from several eukaryotic systems {1 1-15), although their 
role in DNA metabolism has not been firmly established. 

A role for SSB in modulating the accuracy of DNA replica- 
tion has been suggested by several in uiurv studios demonstrating 
thai mutation} in the gene for binding protein alter the overall 
mutation frequency of bacteriophage T, (1 6- 18). In addition, 
during the process of copying pc4y)d(A-T)| with T< DNA 
polymerase, Culm and NosstJ <19)showed a 30-80* reduction 
in turnover of noncompiementary nucleotide* in vitro upon 
the addition of T 4 gene 32 protein (SSB). Also, Liu trt ai. (8) 
estimated that the error rate of copying iX174 DNA by using 
the T 4 replication compter {seven proteins), which includes SSB, 
approaches the mutation rate in rtoo. We therefore desired to 

The rMibihfetkw emts of thto article were defrayed in pan by page 
charge payment. This article most therefore be hereby marked "a5- 
eertittmtnt" in accordance with IS U. S. C. tofeh tc indicate 
this fart. 



asses directly the contribution of SSB to the accuracy of DNA 
synthesis. We report here our findings that purified E. coli SSB 
Increases the accuracy of in rtfro DNA synthesis by more than 
an order of magnitude, measured in two Independent in Wtro 
assay systems. Thus, a protein — other than DNA polymerase 
and essential to DNA replication — functions in enhancing base 

MATERIALS AND METHODS 
Materials, Unlabeled nucleoside triphosphates were pur- 
chased from P-L Biocbemlcali; New England Nuclear was the 
source of !a.«*F]dATP, jce-^PjdTTP, and | s H}dGTP (JI,90O 
cpm/pmol). Polyld(A-T)], txwtalntag only 1 ± 0.5 mo! of 
dGMP for every 2X10" mol of dAMF and dTMP, was syn- 
thesized u described (20). £. coH DNA polymers* (Pol) 01 was 
purified by a modification of the procedure of McHenry and 
Crow (£1). Electrophoretij to the presence of sodium dodecy) 
sulfate ctmfinnad the pretence of the a, f, and 8 sutmnJt j. E, 
coli DNA Pol I (22), avian myeloblastosis virus (AMV) DNA 
poryineraae (23), DNA poiymera»-« from acute lymphoblastic 
leuietnia ceA (24), and NovikaFf hepatoma DNA polymerase-/? 
(25) were purified as described Cajf thymus DNA polymer- 
ase-ot was a generout gift of Betliesdu Research Laboratories 
(fiockvllle, MD), and T« DNA polymerase was supplied by P. 
Enghind (Johns Hopkins University, fiaitimore, MD) and li M 
Alberts (University of California, San Francisco, CA). SSB was 
purified to >ft8X hcrrnogeneity from E. coli strain HMS 83 by 
the method of Weiner et of . (8) or by a simple procedure uti- 
lizing blue destran - sephajrote clwomatography followed by 
beating to 100"C (unpublished results). The elimination of any 
DNA affinity column yields essentially DNA-free preparations 
of SSB. 

Fidelity Assays, Ffdelity assays witb po!y{d(A-T)] as a 
template were performed as described in the legends to Tables 
1-4. In these assays, the error rate is defined as the ratio of in- 
correct to total correct deonynuclootidei incorporated. The 
DNA polymerase reactions for copying a>X174 DNA are as 
described In the legend to Table 5. A detailed account of the 
entire methodology for the *X17< fidelity assay has been 
published (26), as was the method used to calculate (he error 
rate from tbe observed reversion frequency of copied versus 
uncopied DNA (27). 

RESULTS 

Pideilty of DNA Pol HL As a first step in assessing the con- 
tribution of E. coli SSB to fidelity, we measured the accuracy 
of copying po!y[d(A-T)| by purified £. coli DNA Pol III. This 
enzyme was chosen because Z. coli SSB is required for DNA 



DNA polysnerases f 



n: Pol I and Poi Hi. 
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replication *nd Pol HI has been shown to be die replicattve 
DNA polymerase in £. «* (28). Pol ffl copies polyid(A-T}j with 
an error rate of about 1/30,000, using 5 taM Mn» + as ■ metal 
activator (Table 1 ). This accuracy It greater than that reported 
for Fo) III* in copying r»h,ld(A)j.c4igofd(T) 1(t j in Mg^-acti- 
vated reaction* (30) and lea than that reported for Po) 111 in 
copying pc4y[d(A)Migo|d(T} 1 i.ui with 1 mM Mn l * (31). 
Synthesis with Mg J+ on poh/|d<A.T)j was insufficient for 
quantitation of fidelity. The optimal Mrt I+ concentration for 
Pol UI (5 mM) ww much greater than that reported with other 
DNA polymerase! (20, 23, 29, 32). Moreover, the error rate waj 
wX increased at a Mn 1 " 1 crnKwrtrttlCTi as great as 20 mM (result) 
riot given). Omission of Mn**, dTTP, or, most importantly, 
poly[d(A-T)j elimiriated incorporation of both correct and In- 
correct nucleotides. Thus, the enzyme preparation wis devoid 
of contaminating DNA, which could act as a template for In- 
corporation of sufficient amount* of dGMP to interfere with 
any measurement! of fidelity. Analysis of the product of the 
reaction synthesized with DNA polymerases from £. ooft (Pol 
I) (20), AM V (23), and human placenta (a and jJ) (33) indicates 
that thti assay measure* internal mlstocorporaaoa of dGMP 
present predominately as singie-baae substitutiorni. 

Due to the high accuracy of Pol 10 even with Mn**, any 
further increase in accuracy would be difficult to qtantftate. 
We therefore defined a set of error-prone conditions for the 
ensyme by simply Increasing the concentration of Incorrect 
nucleotide relative to correct nucleotide substrates in the re- 
action As shown in Table 2, the increase in am* r»tc of Pol m 
is directly proportional to the Increase in the concentre tioo of 
the Incorrect nucleotide. These results substantiate previous 
findings on the effects of biasing substrate pool sizes with Pol 
I (20, 26), AMV DNA polymerase (23, 29), and T, DNA poly- 
merase {19, 32) end are in accord with kinetic models on the 
fidelity of DNA synthesis (34). 

Effect of SSB on Fidelity of Pol HL The results of addition 
«b of SSB to Pol nj-cstah/zed polyfd 
n Table 3. In experiment 1, equal a 
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5 mM MnCtj 
II. Complete 
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Assays were performed in » 60-jd volume containing 20 m M Trie- 
HCI (pH mSmMditWothreitol. l«of pory|d<A-T>], 50 »M each 
rcfdATP, ! l Y- JJ P]dTTP(S-30dpm/praQl)(ldpni«. 18.7 n>Bq). and 
PHIdOrP ( 1 1.900 eeWpmol), 100 M of bovine wrura albumin pet 
mi, 100 liM ATP. the indicated concentration of Mn CI* and 0.2 (Eip. 
l>«0.(Bsp. i 0>» i iJil For the e* ' 

which dTTP was omitted, j a .»PtdATP ibA dpm/ 
the labtied correct nucleotide. Incubation was Tut i 
bi ;n*C. Aeid-ineoluble wdkartrvity m determined alter repeatedly 
precipitating the polynucleotide product with i M hydrochloric 
sctd/0.06 M sodium pyrophosphate end redisaolvtng with 0.2 M 
NaOH (29). All awaya were performed in triplicate end the average 
incorporation *a» obtained after subtracting the amount of incor- 
poration in the absence of incubation (typically i 5- 2ft dnm for "P 
and MM 90 comfort!. 



1/33,000 
1/15,600 
1/9,780 



of dATP and dTTP was SO uM. AO ssseys were carried out in trlpli. 
cat*. Inojtporatiw in lb* absence of i«eubatk» wat determined with 
each ewKentratioo of \*H jdGTP and th* values obtained wen sub- 
tracted. Incorporation of dGTP is the absence of incubation varied 
from 0.003 to 0.01 1 pool at 80-280 jjM |'H)dGTP. 



pertinent 2. the concentre tie* of the Incorrect nucleotide was 
5-fold greater than that of either correct nucleotide- In both 
instances, the addition of binding protein in amounts stoi- 
chiometric with DNA resulted in ■ 15-27% increase in the rate 
of polymerisation, whereas greater amounts were inhibitory, 
as indicated by previous reports (6, 35). Most importantly, SSB 
increased the accuracy of Pol m-caratyzed DNA synthesis in 
a conMmtrettoD-d^peodeot manner. The greatest effect shown 
here, * 5.6-fold Increase In fidelity, was observed at an inhib- 
iting concentration of SSB. This amount of SSB (weight ratio 
SSB to DNA of 5:1 ) is sightly less than that required to cover 
ail nucleotides if the template were completely drigie-stranded 
Inhibition of synthesis by greater amounts of SSB prevented 
quantitation of fidelity. By linear eilnipolatxw of the resulti 
obtained with biased pools to the results obtained with equf- 
molar concentrations of incorrect and correct nucleotides, we 
find thai the error rate of Pol III in Mn»+ with SSB is less than 
1/200,000. 

Effect of SSB oa Fidelity of Other DNA Fotymerases. In 
order to determine whether the Increase in accuracy was lim- 
ited to a specific reaction of Pol ill with £. coli SSB. we euun- 
ined the effect of SSB on the fidelity of DNA svrthea* catalyzed 
by other DNA pofyroerases (Table 41 The fidelity was increased 
severalfold with all DNA fulyrucraacs studied with eithar big** 
or Mn*+ M « metal activator. The increase to fidelity observed 



Table 3. Effect of S. coli SSB on fidelity of g coli DNA Pol II ? 

Nucleotide decraase 
incorporated, pmol Error in 
3SB/DNA' Correct Incorrect rate error rat* 



50 uM dGTP) 



2.6:1 



1034 0.032 1/22A0Q 

1196 0.020 1/59,800 

13H 0.017 1/77^00 

796 0.006 1A3J.600 



Kt p. 2 (250 dGTP) 

MS 0.086 1/7,580 1.0 
0.6:1 750 0.060 1/12^00 1.6 

1.4*1 763 0.060 1/16,300 2.0 

2.6:1 638 0.028 1/22300 3.0 

!xl 338 0.009 1/44,200 6.8 

Assays were performed as described in the legends to Tablea 1 an 
■1 with 6 mM MnC), and the indicated amount, of £ col. SSB 
' The ratio of SSB to DNA is a weight ratio. Saturation u caJcutate 
at 6.6; 1 .assuming imt SSB rooiecul* (74,000-molecuUr weight ur 
' kin 18). 
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Effect of fi. c oii SSB oa fidtlitv of dtfftrent DNA puiymmm 



AMY DNA polymtrtm 



M»C1» 
MjCl, 
Mods 
MnCI- 

MgCl, 
MgCI, 
MgCI, 

MnCI, 

MgClj 
M|C1 3 
MgCI, 
MnCI, 



Nouikof! htpatomt DNA polpm 

- MgCI, 
0.5:1 MjCts 

1.26:1 MgCI, 
Cai/ rkyiw DNA polymtratt-a 

- MfCi, 
OA I MfCIi 



o.ooi 

0.W1 



1/24.900 

1/68.600 

1/68,600 

1/959 

1/3300 



Amyi w»r* performed in • MM volume conuininj SO mM Tris-HCI (pH 8.0), 2 mM ditbioth/estol, divlonl riKWi iou 



with DNA polymers** from AMV, NovUroff hepatoma (0), 
and calf thymus {a) is not mediated by art Increase in excision 
of Incorrectly incorporated nucleotides, because these eazyrjftes 
Jack any proofresdlng eictnueleofytic activity (2, 36, 37). Abor 
the improvement in accuracy is not correlated with enhanced 
polymerase activity. Thus, Pol l, T< DNA polymerase, and 
AMV DNA polymers* were stimulated by SSB, whereas DNA 
polymerase-^ was Inhibited; yet the accuracy of each of these 
polymerases was increased. As with Pot in, the increase in ac- 
curacy of each enzyme was greatest at the highest concentration 
of SSB used 

Effect of SSB on Fidelity with a Natural DNA Template. 

Measurements of fidelity with synthetic bomopoiyraen and 
heteropolymers are potentially subject to artifacts inherent in 
the repetitious sequences of these templates. We therefore ex- 
amined the effect of SSB on the fidelity of DNA polymerases 
by using the recently developed tfX174 fidelity assay (26, 27), 
In this assay, <j>Xll4 DNA containing an amber mutation in the 
gene D/E overlap is primed with a specific restriction endo- 
nuelease fragment and copied by a DNA polymerase in cifro. 
Certain incorrect misincorporatioro at the amber site will 
produce reversions to wild type. The DNA b used to infect E. 
coii spheroplast) that are plated on Indicator bacteria. The error 
rale is then determined from the reversion frequency for copied 
DNA when compared to an uncopied control- Biasing the 
substrate pool by a relative Increase La an Incorrect nucleotide— 
In this ease, dATP— provides an error-prone condition that can 
be used for accurate quantitation of increased accuracy (26!. 
Tbe#XI7<t assay can be used to quantitate error rales for any 
DNA polymerase capable of utilizing single-stranded DNA as 



, The Inability of Pol III to copy long stretches of 
ded DNA (38, 39) thus precludes mtwsureroent* of 
fidelity with this enzyme in the &X174 assay. 

The error rates of five different DNA polymerases in the 
presence and absence of £. coii SSB when a 5-fold excess of 
incorrect nucleotide was used are shown In Table 5. With each 
enzyme. SSB increased the accuracy of DNA synthesis sever- 
alfold. Similar results were obtained by using a balanced sub- 
strate pool (data not shown). At with poh/[d(A-T)}, the effect 
was dependent on the concentration of SSB (with Pol J), it 
should be noted, however, that the magnitude of the increase 
in fidelity with SSB did vary oomitleraWy, depending on the 
enzyme and SSB preparation) used (data not shown). Because 
the accuracy of DNA porymerajes without 3' -* 5' ewoucleeses 
was increased to an extent .Bredlar to that of Pol I, it is likely that 
the effect of SSB Is not mediated by enhanced proofreading. 

DISCUSSION 
x> accuracy of DNA replication of HT 7 to HT" ap- 



betwe 



multistep proas (3). The free energy 



counts for an error rate of only Iff*. DNA polymerases enhance 
base selection to error rates of 1Q- J to 10" 5 . All the DNA 
polymerases used lo these studies fall into this range. The ex- 
periments described here indicate yet another step in ap- 
proaching in o<«> accuracy. SSB enhances the accuracy of in 
ditto DNA synthesis in two independent assay systems by at 
least lO-fold, Thus, fidelity in tfrro can approach 1CT 8 . The 
magrilhwie of the sncresue correlates closely with in vtoo jtudka 
(16-18) on the mutator and antimutator effects of mutations 
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base- pairing with the 



SSB/PNA template mV") 



1/459 
1/1,260 
J/2,070 
1/3,200 



AMY DNA polynurm 



Novtioff hepatoma DNA pciymtrtur-ji 

- 0 0.344 - 

481 us mm 

7*1 133 0.840 1/4.390 

Acu!« b>mp/ioc>t'<: leukemia ON A potyminuc-u 

- 0 0.476 - 



5:1 



283 



0.766 



1/4,48 



1.0 



DNA . 



il DNA p. 



re perforrod in uiiotmhad tot tube* 
... , «.„, ™, U me ™nu« *0 raM Trb-HCl (pH 8.0), 2 dM di- 
thiothreitoi, 1.6 mM MnCW, 600 mM dATP, 100 «M each of dCTP, 
dGTP. and k^oTTF (400-1200 dpm/pmat}, 0.2 of *X174 om3 
"'*'"' " ' ' J ■ 6-to-l molar ratio with Woe III restriction 
at Z4, 0.5-1.0 unit of tin indicated DNA poty- 
iB. Reaction* mn incubated at 37°C for 5 tain 
i (Of and p), or 120 min (AMV)and Hopped by 
addition of t iii oi IQOroM EOT A. Incorporation mi determined from 
duplicate 2-»i aiiquots and the value* expressed u total nucleotide* 
per template were calculated aa an average, auuroini all molecule* 
it. Hie remaining reaction 



meraw, and E cc 



•» (28). The revmiw frequency of omj 

o calculata the srrcr rat* (27). In an effoi _ 

y of the *a*ay, error-prone condition* were uied by biesinf the 
ate pooh to contain a 6-foW »«*•» of one incorrect nucleotide, 
(!»). Where** the error rate* for Pol 1 and AMV DNA poly, 
tare in afreement with published renJU (26, 40), the error rale* 
r, $ , end T t polymerase* quoted bare are initial measure menu 
The actual error r«tca in Mi'^-artiveted reaction* forth* 
erayme* under optimal condition* are yet to be determined. 



in T, gene 32 (SSBJ. The increased accuracy ii Irajependent of 
the use of error- prone condttlom, became it is observed with 
either Mg s+ or Mn s+ and with biased or balanced nucleotide 
jubstrste pooh. 

At this time, no strong conclusions on the mechanism of en- 
hanced accuracy can be formula tod. The aeveralfoki en- 
rancement to fidelity obaerved with DNA polymerases lacking 
a proofreading exonuclesse indicate that this raceh*nl*m cannot 
be the reason for Increased accuracy with tbeee eraymet 
However, enhanced proofreading could have a role with en- 
zymes exhibiting a 3' — ■ 5' econucleaue- Marly inecisazuxnii 
could explain the increase in fidelity; the simplest of these ji 
enhanced tase- selection due to « lempUte/SSB interaction, 
resulting In increased rigidity of the template. The potential 
importance ol this interaction is emphasized by the cbeervsfJon 
thai a Pol I/Wn»* complex orients the glycosyilc bond of the 
irnioirslrtg substrate to a conf actional angle of 90° (41) _ that 



cieorjdes In the template should be held rigidly. In this total**, 
it should be more likely that the incoming nurjeotlde, if to 
corrcct, will be rejected by steric overlap ofthebj 



between template and substrate (42). Thus, by increasing 
template rigidity. SSB could amplify base selection during DNA 
synthesis Consistent with this hypothesis is the fact that the 
enhancement in accuracy for a given amount of SSB is not an 
absolute value but is rxuportJorai to the relative accuracy of tlie 
DNA polymerase used (Tables 4 and 5), Also, this hypothesis 
is supported by the 30-80* inhibition of ficrfKCropleraentary 
nucleotide turnover observed with T« DNA polymerase In the 
presemotof T* DNA binding protein (18). 

Indicates that other proteins cwUribute to high fidelity (16). Liu 
et of. demonstrated that *X174 DNA could be copied by « 
seven-protein Tj-replicatliig complex with an accuracy ap- 
proaching that achieved during 4-X174 replication in £, eoff 
(ft). The method of analysis presented here can potentially be 
extended to determine the contribution to fidelity of any pu- 
tative repttcattve protein (43). For example, the true repSeaBve 
form of Pol III, the holoenjyms (44), contains it least three 
subunlts to addition to those present In Pol Ul (a, (, and S), the 
form of the enzyme used hare. Potentially, these additional 
subunlts, in conjunction with binding protein as well as other 
proteins, may allow m eftns DNA synthesis lo proceed with the 
observed m vivo accuracy. 

A number of exogenous agents have been demonstrated to 
decrease fidelity of copying s^Trthetlc pctynucleotide template* 
(ref $. 3 and 45; unpubUshed restdti) and, most recently, natural 
DNA (26). Most of these agents have been designated as mu- 
tagens or carcinogens. However, until now no additions to 1 be 
*n offiD reaction have been found to increase fidelity. Thus, d* 
large enhancement in accuracy of in vitro DNA synthesis with 
SSB is even more striking, and cwrpled with in ofoodab»(t$-lS) 
it strongly suggest! that SSB contributes significantly to the 
We wis then accurate replication of genetic information, 
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The single -stranded-DNA-btnding (SSB) proteins from Proteus mirabilis and Serratia marces- 
cens were purified from overproducing Escherichia coli strains, which were devoid of their own 
ssb gene. The strains harboured an entiA insertion mutation and a xonA mutation resulting in the 
absence of endonucleasc I and exonuclease I activities from the preparations. The amino acid se- 
quences of the SSB of al! three species are nearly identical in the N-terminal parts of the proteins 
that contain the DNA-binding domain, but differ in the C-tcrrriinal parts. Both proteins have an 
apparent binding-site size of 65 and 35 nucleotides at high and low salt concentrations, respectively. 
The association-rate constant for binding to poly(dT) is 3.2X !(rM 1 s"' for R mirabilis SSB 
(PmiSSB) and 3.4X10" M~'s for S. mamescens SSB (SmaSSB). These binding parameters are 
very similar to those of £. colt SSB (EcoSSB). The structural similarity of the proteins is also 
documented by the finding that they can exchange subunits among each other to form mixed 
tetramers. 

The transcriptions] regulation of the ssb and uvrA genes from P. mirabilis and S. marccscens in 
SOS-induced £ coli cells was studied using lacZ fusions. While the uvrA genes were inducible, 
there was no induction of the ssb genes transcribed divergendy from the uvrA genes. Apparently, 
regions with nucleotide sequence similarity to the E. coli SOS-box preceding the ssb genes of P. 
mirabilis and S. martescens had no gross effect on the transcription. Studies on growth of the cells 
and recovery from ultraviolet damage indicate that the heterologous SSB proteins support DNA 
replication and recombinationai DNA repair of E. coli with the same efficiency as the £ ciAi SSB 
protein. Interactions with other E. coli proteins involved m these processes either do not occur, or 
are not impeded. 



Single-stranded- DNA-binding (SSB) proteins arc impor- 
tant components of the macromolecufaf DNA metabolism of 
all kinds of organisms from viruses to vertebrates. Most of 
our knowledge about these proteins comes from studies on 
two non-related representatives, the gene 32 protein of phage 
T4 (T4 gp32) and the Escherichia coli SSB protein 
(»ur SSB). £roSSB is essential and has been shown to be 
involved in DNA replication. DNA repair and genetic recom- 
bination (for a review, see Meyer and Laine, 1 990). By bind- 
ing of SSB, single-stranded DNA is prevented from forming 
secondajy structures and becomes resistant to nucleases. 

Binding of SSB to single-stranded nucleic acids can eas- 
ily be monitored by the intrinsic tryptophan fluorescence of 
the protein. For £VoSSB at 0.3 M NaCI it was found that 65 
nucleotides of polyfdT) are required to saturate a single terra- 
mer and lead tu a fluorescence quench of 90% (Lohman and 
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vescens: X-gal, 5-bramo-4-cfiloro-3-indo!yl-/!-0-glacK«klase. 



Overman, 1985). Lowering the NaCI concentration leads to 
a change in binding modes, and at 0.05 M NaCI an apparent 
binding-site size of 33 nucleotides is observed with a fluores- 
cence quench of 50% [Lohman and Overman, 1985). Ai 
0.3 M NaCI the protein binds to the singtc-stranded polyfdT) 
in an alnrost-diffusion-controlled reaction (Urbanke and 
Schaper, 1990), For a review of biophysical properties of 
EcoSSB see Lohman et al. (1988), Orcipcl et ai, (1989), and 
Lohman and Bujalowski (1990), 

SSB proteins with a partial amino acid sequence identity 
to £ccjSSB have been found to be encoded by a number of 
transmissible plasmids like the E. coli F-factor (Chase et at., 
1 983). Some of them were shown to complement ssb mutants 
of £ coli (Golub and Low, 1985, 1986; Howland et al., 
1989; Porter and Black. 1991). The biological role of the 
plasrnid SSB is still unknown. 

We have recently reported the cloning and sequencing of 
two further bacterial ssb genes in addition to the £ coli gene, 
namely those, of Serratia marccscens and Proteus mirabilis 
(de Vriesand Weckemagel, 1993, 1994). In evolutionary his- 
tory, these species have separated from £ crib about 200 
million and 400 million years ago (Ochman and Wilson, 
1987), and represent a relatively close and a most distant 
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rdative of £ coli among the enterobacteria. The SSB pro* 
terns of these species have 39% (5. marcescens) and 81 % {P. 
mirabiiis) amino acid sequence identity with the E. toil SSB. 

Several authors have studied a possible regulation of the 
ssb gene of E. coli by the LexA repressor. Transcription from 
the ssbPi promoter, which is adjacent to the SOS box of the 
uvrA gene (located close in tsh and transcribed in the oppo- 
site direction as ssb), was inducible, but was accompanied 
by a decreased transcription from the two non-inducible pro- 
moters, ssbP Nt and ssbP H2 (Brandsma et aL, 1985). Corre- 
spondingly, the relative rate of synthesis of SSB increased 
slowly, but there was no increase in the level of SSB meas- 
ured in cell extracts (Perrino et ai„ 1987). In P. mirabiiis and 
5. marvescens, the ssb-uvrA region is organized similarly to 
that in E coli. In the ash promoter regions of both organisms 
a region with nucleotide sequence similarity to the E. coli 
SOS consensus sequence was previously identified, which is 
not present in the corresponding region in E. coli <de Vries 
and Wackcmagel. 1993; 1994). 

In this study we investigated the regulation of transcrip- 
tion of the ssb and uvrA genes of P. mirabiiis and 5. marces- 
cens cloned in E. cult, particularly a possible effect of the 
SOS-box-like sequences was examined. Some physiological 
properties of an E. coli jji-deletion mutant containing the 
SSB proteins from P. mirabiiis (/ViiSSB) or S. manescens 
(A'nwSSB) were also studied. Reactions of the purified pro- 
teins with single-stranded nucleic acids were investigated 
« 1 'fi, , ni m, ,i < nods Further, the compatibility of 
SSB protomers from the different organisms was examined 
in a subunit-exchangc lest. In addition, the amino acid se- 
quences of the enterobacterial proteins are compared to those 
of piasmid- encoded SSB- The data are discussed with regard 
to the biological roles of SSB proteins in DNA metabolism. 



MATERIALS AND METHODS 
Purification of SSB proteins 

PmiSSB and S/wSSB were purified from the newly con- 
structed strain BT270 which carries a xonA2 mutation (Phil- 
lips et al., 1988) and an endA null mutation (Table 1; Jekel 
and Wackernagel. 1994). In this strain the letracycline-resis- 
tance determinant from pBR322 was inserted into the Nsil 
site of the endA gene. The strain is therefore deficient for 
cxonucleasc I and endonuclease I and carries the chromo- 
somal ssb deletion of RDP268 (Porter et al., 1990). The strain 
requires an ssb' helper plasmid for growth. The helper ptas- 
mid pACYCrrfr (Porter et al., 1990) was replaced by 
pSBH2c or pSBH4e (Table 1) which carry the ssb genes of 
P. mirabiiis and 5, marcescens. respectively. This was 
achieved by plasmid transformation and subsequent isolation 
of chjorampbenicol-sensttive segregants, which had last pA- 
CYCwf>. The replacement was confirmed by restriction 
analysts of plasmid DNA isolated from the cells. ficoSSB 
was isolated from JM103 F~ harbouring pSBHSe (Table 1). 

The SSB proteins were purified by the method of Lob- 
man ct al. (1986a) with minor modifications from cells 
grown in a 10-! fermenter (Braun). The preparations were 
about 99% pore as determined by SDS/PAGE and staining 
with Silver Stain (Bio-Rad). The PmiSSB and SmaSSB iso- 
lated from strain BT270 were free of nuclease activity on 
linear single-stranded and double-stranded M13mp19 DNA 
up lo a concentration or 2 ug/u! (the highest concentration 
tested), as determined by agarose-gel electrophoresis of 
DNA. that was incubated with different amounts of the pro- 



teins in 25 mM Tris, pH 7.5, 12 mM MgClj, 3.5% glycerol 
for 2 h at 37*C. The proteins were stable in storage buffer 
J20 mM potassium phosphate, pH 7.5, 1 M NaCl, 1 mM 
EDTA, 60% (by vol.) glycerol] at -20°C for at least 6 
months. 



Construction of lacZ fusions for determination 
of the promoter strength 

Several restriction fragments of the ssb-uvrA intergenic 
regions from E. coii, S. marcescens and P. mirabiiis (Fig. 1) 
were dotted in both orientations into the Smal site of the 
promoter test plasmid pTL61T (Linn and St Pierre, 1990). 
Where necessary, single-stranded overhangs were removed 
by rmmg-bean nuclease digestion (Gibco BRL). In one orien- 
tation, the transcription towards ssb is measured (pTL-sb 
plasmid scries), in the other the transcription towards trvrA 
(pTL-uv piasmid series). The fragments with the complete 
promoter-operator regions of the three species were also 
cloned into the single-copy-number vector J.TL61 (Linn and 
St Pierre, 1990) using the £t»Rl- and Xbal sites of the iden- 
tical multiple-cloning sites in both vectors. In the phage vec- 
tor, EcoRl and Xbal are unique sites. Since the singie- 
stranded ends produced by these enzymes arc not comple- 
mentary, the inserts were ligated into the arms in the same 
orientation as they had in the plasmid vector (with respect to 
the lacZ gene). The correct location and orientation of DNA 
fragments in the clones was verified by restriction analysis. 

For the purpose of measuring the SOS inducibility of the 
cloned promoters in the \ vector, the phage 21 el repressor 
of this vector had to be replaced by a repressor which is 
not cleaved upon SOS induction by mitomycin C. This was 
achieved by crossing the X*I8S7 gene (Sussman and Jacob, 
1962) coding for an SOS-induction-resistanu thermosensitive 
cl repressor into the promoter-containing phages, E. coli 
C600 was used as host for the phage crosses. The descen- 
dants of the cross were plated on 5-bromo-4-chloro-3 indo- 
ly)-^-r>glactosidase (X-gaD-plates with soft-agar (0.7%) 
containing 120ug X-gal/rui and E. coli BT124 (Tahle 1) as 
indicator. After incubation for 16 h at 37°C, clear blue 
plaques were isolated and purified twice as single plaques. 
The correct size and orientation of the inserts was verified 
by restriction of the phage DNA with £coRI and Xbal. Cor- 
responding to the plasmids, the promoter test phages were 
termed J-TL-sb20, XTL-sb40 and XTL-uv20, *a.TL uv40, 
XTL-uv50 (Fig. I). 



Lysogen formation 

Formation of lysogens of BT124 and BT148 (Table I) 
was carried out as described (Linn and St Pierre. 1990). Ly- 
sogens were identified on agar plates containing X-gal 
(40 fig/ml). To distinguish monolysogens from multiple lyso- 
gens, a tenuinase excision test (Moussct and Thomas, 1969) 
was carried out : exponentially growing cultures (2 ml; 29°C) 
of the lysogens at a ritre of 2X lOTml were brought to 10 mM 
MgSO, and supcrinfectcd with the beterDioimurie VTL61 
(phage 21 immunity) at an infection multiplicity of two. The 
cultures were further aerated for 2 h. Then two drops of chlo- 
roform were added and incubation was continued for 10 min. 
Descendant phages with X immunity were titred on m.61 
lysogens of E, coli C600 (Table 1). Monolysogens produced 
about 5X io* phage, while multiple lysogens produced about 
5X10 7 phage with Xcl857 immunity /ml in this test. The p. 
galaciosidftse activity of identified monolysogens (about 



thole ] . Strain*, phage and plasmids used to this study. 



Relevant genotype/descriptic 



Source or reference 



RDP268 
BT124 
BT148 
1M103 (F ) 

BT270 

,tcf657 
rTL61-ci857 
pTL61T 
pRii432 

pBluescript fi KS + 

pACYCssb 

pSBH2e 

pSBH4e 

pSBHSe 

pSBL4 

pSBL5 

pTL-sb20 

pTL-sb2l 

pTL-uv20 
pTL-uv22 
p r'L-sMO 
pTL-sM2 
pTL-uv40 
pTL-uv42 
pTL sbSO 



^{«i-uvr,<i); only viable with an sib~ helper plasmid 
<tiac(VW); as GW1000, but recA* 
.dfoe{U169)-, as GW1000, but re<A', !c*A3 
endAl; die strait) was cured of the F factor 
by eScctroporaiion 

ssb ; ; Kir*. xonA2, endA : : "It* *, only viable 

with an ssb* helper plasmid 

promoter cloning phage vector 

c!857-repressor (ihermosensitive) 

same as ATUi\, but with the xelSST represscr 

pBR322-dcrived promoter cloning piasmid vector 

mini-F-derived single-ctipy-number cosmtd vector 

high-copy-nurnhcr vector 

E. coli ssb* gene in pACYCt84 

R mirabiiis sib* gene in pBiuracript 11 KS + 

S. marcescens ssb* gene in pBluescript KS + 

E. coli isb* gene in pBluescript 11 KS + 

S marcescens sib* gene in pRE432 

£. coli ssb* gene in pRB432 

P. mirabiiis, bp 338-599 (Ksal-RsaS) 

P. mirabiiis. bp 480-623 (Mfel-Afcel) 

P. mirabiiis, bp 338-494 (itsal-SaulM) 

P. mirabiiis. bp 599-338 {Rsal-Rsai) 

P. mirabiiis. bp 494- 33* (Saul.M-Rsal) 

s. bp 290-550 {Sau3M-Sau)M) 
r. bp 131 -437 (Woelll-foaD 
r, hp 550- 290 (Sau3Ai-Sau3fiJ) 
s. bp 437-131 (Rsd-HaeVSl) 
E. coli, bp 85 in uvrA sequence (Husain el a!., 1986) 
to bp 276 in ssb sequence (Sarcar et al.. 1981) 
{Narl-PvuU, total length 524 bp) 
e coli, Up 276 in sxb scqucm* (Stmew et a;., 1981) 
to bp 85 in uvrA sequence (Husain el a5„ 1986) 
(Pvuil-Narl; total length 524 bp) 



Porter ct ai. (1990) 
Kenyon and Walker (1980) 
fCenyon and Walter (1980) 
Yamsh-Petfori et al. (1985) 

this work 

Linn and St Pierre (1990) 
Sussman and Jacob (1962) 

Lion and St Pierre (1990) 

de Vries and Wackernagel (1992) 

Stratagenc. Heidelberg, Germany 

Porter et al. (1990) 

dc Vrit* and Wackeniagel (1994) 

de Vries and Wackeraagel (1 993) 

de Vries and Wackeraage! (1993) 

de Vries and Wackernage] (1993) 

dc Vries and Wackernagei (1993) 

this work 



this work 
this work 
this work 



»rh«*e of the iatersetric region of wrA and ssb 
and daned fragmcnti 


detiguBoo afnw 


(a) B.c: o— —> 


P. m. H, n E.c 


(b) ^ 


sbW ib«J Ji.w 
•Mt .Ml s.d. 
ibZZ ib42 ai 
uvZQ nv+O uvSO 
u-.Il « v 42 o,J. 



Fig. 1. Scheme of the allergenic region between uwA and ssb In ft mirabUls, S. marcescens and E. coii. (a) The start sites of the open 
reading frames of uvrA and ssb arc indicated. SOS represents the SOS boxes regulating the transcription of the uvrA genes. A second 
region with lower similarity to the E. coli SOS box consensus sequence is indicated by an empty box (in H. ccii, onlv the 'left of these two 
regions is present), ihe location and direction of transenpuon of pronsxers at the three ^ccies is indicated by the open arrows, (c) The 
Tilled arrows indicate the fragments cloned into pTL61T and me direction of transcription measured (i. e. the orientation of ihe cloned 
fragment in pTL61T). The designation of the cloned fragments is given for P. mirabiiis (/» «.), S, marcescens (S. m.) or E, cvli tE c r. 
n.d., not determiaed. 
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370 U/A,,., of 5 at a litre of 10*/mi) and multiple lysogens of 
BT124 for XTL-sb40 (about 700 UJA m of 1) confirmed the 
reliability uf (lie lest. As expected, the lysogens were non- 
viable at 42 "C due to induction of the prophage by snactiva- 
lion of the c!857 repressor. Trie EcaRi-restriction pattern of 
the DNA of phage released by thermal induction was iden- 
Ticai to that of the DNA of the phage used for lysogen forma- 



Determination of ultraviolet sensitivity 
and generation time 

The ultraviolet sensitivity and generation time of expo- 
nentially growing cultures of E. coli were determined as de- 
scribed (de Vries and Wackemagei, 1993, 1994). 



Determination of /J-gaiactosldase activity 
and SOS induction 

The £-gaiaetosidase activity of all transcriptional fusions 
was determined by the method of Kenyon et a!. (1982). The 
SOS response was induced by the addition of mitomycin C 
(Sigma) to the exponentially growing cultures (final concen- 
tration of O.Spg/ml in lexA* strains; 0.1 tig/ml in lexAS 
strains). 



Binding of SSB proteins to single-stranded nudek: acidi 

Fluorescence measurements, Stopped-flow experiments, 
atid melting curves were carried out in a standard buffer con- 
taining 0.02 M potassium phosphate, pH7.4, 0.1 mM EDTA 
and NaCI as indicated. In fluorescence experiments 100 ppm 
Tween20 were added, 

Fluorescence measurements were earned out in a Schoef- 
fcl RRSI000 spectrofluorimcter at 22'C. Excitation was at 
295 nm and emission was observed at 350 run. 

In inverse fluorescence titrations a mixture of protein and 
nucleic acid was added to the protein such that at all points 
the protein concentration was kept constant. Inverse titrations 
are often evaluated with respect to an apparent binding-site 
size using the intersection of the limiting slopes at low and 
high ,mgle-stranded DNA/protein ratios. In all titrations the 
ubsorburrcc of the solution was below 0.05 at the excitation 
wavelength to avoid inner filter effects. After each addition 
the solution was allowed to equilibrate for 60-600 s until no 
fluorescence change with tune could be observed, "Tlieomi- 
cat binding isotherms were calculated using the model of 
Schwarz and Watanabe (1983) for the binding of a raultiden- 
tate ligand to a linear polymer as described earlier (Curth et 
al.. 1993). 

Melting curves were measured in a DMR10 (Zeiss) spec- 
trophotometer in standard buffer and 0.1 M NaCI as de- 
scribed earlier (Augusryns et a!.. 1991). Temperature slopes 
were 20 K/h and no difference could be observed between 
heating and cooling curves. 

Stopped-flow experiments were performed at 22 C C in a 
modified version of a Durrum-Gibson stopped-fiow appara- 
tus and were evaluated using a model for irreversible binding 
of a trsultidentale ligand >o a linear polymer, as described 
previously (Urbanke and Schaper, 1990). 

Po)y(dT) and poiy(dA-dT) were purchased from Phar- 
macia. Polyi.dT) had an average length of 1400 bases/strand 
as calculated from the sedimentation and diffusion coeffi- 
cients measured by analytical ultracentrifugation and dy- 
namic light scattering, respectively. Poly(dA-dT) showed* a 



broad distribution in length ranging from several hundred to 
10000 bp as judged from agarose-gei electrophoresis. Con- 
centrations of poly(dT) and poly(dA-dT) were determined 
photometrically with a molar absorption coefficient of 8600 
M-'cro-' at maximum (Urbanke and Schaper, 1990) and 
6700 M-'cnr 1 at 260 am (Williams et al., 1983), respective- 
ly, and are given in monomer units throughout the text. 

Protein concentrations are given in units of ictramers 
throughout the text and were determined using a molar ab- 
sorption coefficient at 280 nm of 113000 M"'cm"' as deter- 
mined previously (Lohman and Overman, 1985) for£kre.SSB. 
Since the predicted amino acid sequences indicate that 
£c<?SSB, PmiSSB and SmaSSB have no differences in aro- 
matic amino acid composition no differences itt the molar 
absorption coefficients at 280 nm are to be expected. 

Amino acid sequencing 

Amino acid sequencing was performed wim the purified 
proteins with an Applied Biosystems 477A protein se- 
quencer. 



The proteins were diluted from stock solutions to a con- 
centration of lOQuM with SBP buffer 120 mM potassium 
phosphate, pH 7.5, 0.5 M NaCI, 1 niM EDTA, 20% (by vol.) 
glycerol}. Equal volumes of these solutions were mixed and 
incubated at room temperature for the indicated times. Sam- 
ples were diluted with equal volumes of loading buffer |50% 
{by vol.) glycerol, 0. 1 % bmmpnenol blue) S « iuir - 

ing 125 pmol of each protein were loaded onto an 0.5*55 agar- 
ose gel and electrophorcsed in 20 mM Iris, pH 7,8, 0.4 mM 
NaAc, 0.2 mM EDTA as described earlier (Lohman et al., 
1986b). The gci was stained with Coomassie Blue foi 1 min 
and destained in 7% (by vol.) acetic acid at room temperature 
for several days. 



RESULTS AND DISCUSSION 
Analysis of the expression and regulation 
of ssb and uvrA genes 

The analysis of the nucleotide sequence of the intergenic 
region between ssb and uvrA had revealed two sequences in 
both S. marcescens and P. mirabtlis; with similarity so the 
E. coli SOS box (de Vries and Wackemagei, 1993. 1994- 
EMBL accession numbers X65079, X65O80). SOS boxes are 
operators where the LexA repressor binds regulating the 
expression of genes of the SOS regulon (Walker, 19S4). In 
both species the nucleotide sequence similarity of the SOS- 
box-like sequence that overlaps with the uvrA promrter to 
the E. coii SOS consensus sequence (TACTJ^JATATA- A- 
ACAGTA) was high [TACJ21jATATCCATrCAQGT (5. 
marcescens), TAC2GTATATCCATTCAGCT (P. mirabilia)}, 
and less high for the other one that overlaps with the ss'b 
promoter region [GT01Q<JiTrCOTACTCAGCG {S. mar- 
cescens), 'rcfnGXTCTC A ATGGAjj A A (P. mirahilisi). 

To determine the strength of the promoters and to identify 
a possible regulation by the LexA repressor, transcriptional 
lacZ fusions were constructed and expressed in £ coii Frag- 
ments containing the entire intcrgenic region as well as 
smaller fragments containing either of the two SOS-btw-like 
sequences were subekmed into the promoter- analysis vector 
pTL6lT (Linn and St Pierre, 1990). Fig, 1 shows a scheme 
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Table 2. ^galaricsMase activity of transcripaooal fusions of ssfi and uvrA promoters in pTL61T. The designation of She piasmids is 
described in Fig, I. The determination of ' ^galactosidase activity was performed by Hie method of Kenyon et al. (1982) The induction 
' J " *«re eulated h Jiviskwi of induced by uninduced 4-gala « da t activity ot the texA* strain, separately for 1 h and 2 h after 
induction. The values in parentheses were determined siraikrty foe the uninducible lexAJ mutant. The data are means from three experiments 
( + the standard deviation). 

Plasmid ^-galactosidase activity of unuiduced cutiares Induction factor in iexA* (in ItxAi) 



pTL-s»20 9.0 ± 0.9 8.9 ± 0.8 12.0 £ 0.8 0.8 £ 0.1 (0.7) 0.6 ± 0.2 (0.7) 

pTL-sb-21 9.2 + 2.2 9.9 ± 0.2 14.6 ± 0.5 0.9 + 0.1(0.8) 1 2 -» 0 I i 5) 

P TL- S b22 60il.fi 5.6 ±0.7 9.4 ± 2.1 1.6 ±0.1 (1.2) 1 4 ± 02 

pTLviv20 4.8 ±0.1 4.2 ±0.7 5.5 i 1.1 1.3 + 0.1 (1.0) 1.s±0l(06} 

PTL-UV22 5.0 ± 0.5 4.8 + 0.2 8.1 +0.3 l.4±0.3(0.4) 1.1+0.10.6) 

pTt-sb40 7.6 ± 0.8 9.3 + 0.1 14.5 ± 1.0 1.0 ± O.J (0,8) 1,1+01(07 

pTL-sb41 9.0 ±0.1 t0.7 + 0.4 15.3 ± 0.2 0.9 + 0.1(1.0) 10 + 00(06) 

pTt-sb42 0.4 + 0.0 0.6 + 0.0 0.9 + 0-0 1,1 +0.1 (0.7) 1,0*00(07) 

pTL-tiv40 6.6 * 0.1 7,0 + 0.6 9.6 + 1.1 2,2 ± 0.4 (0.6) 2.6 ±0.3 (06) 

pTL-tiv42 8.3+ 1.5 6.8 + 0,4 11.1 +0.7 2.0+ 0.5 (0.6) 2.1 +0.0(07) 

pTL-sb50 7.1 + 0.6 9.2 + 0.4 15.4 + 0.9 1.2 + 0.2 (1.1) 0.9 +03 (09) 

pTL-uvSO 1.3 + 0.2 1.3 + 0.4 4.6 + 0.4 3,2 + 0,2 (1.2) 2.2 +0.3 ft. 1) 

PTL6U QJ (X7 1.2 1.0 (1.0) 0.9 (0.9) 



of the various cloned regions and the designation of tlie plas- 
midi containing the fragments. With each of these plasmids 
the /f-galactosidase activity was cfeterrnincd under non-in- 
duced conditions and after SOS induction by mitomycin C 
(see Materials and Methods), both in a fc*4* strain and a 
nun- inducible !exA3 mutant. 

The /f-galactosidase activity obtained with the pTL-sb 
plasm ids from P. mirabiiis, S. marcescens and E. coffin unin- 
iluced tells :it a litre of about lOVml was in the range of 
about 6-'>000 UM„ of 1 with all of the pTL-sb plasmid* 
(Table 2). Only pTL-sb42 gave a low level of activity as 
the promoierless vector pTL61T. It was concluded that no 
transcription towards ssb was initiated from the S. marces- 
cens region containing ihe uvrA promoter and SOS operator 
sequences. In this respect, 5. marcescens differs from E. coii, 
where transcription towards ssb is initiated by a promoter 
adjacent to ihe uvrA SOS box (Brandstna et al., 1985). 

Transcription towards uvrA produced 1 300 WA^ of 1 
from she £ coii promoter (pTL-uv50), 4800 from the P. mi- 
rubilts promoter < P TL-uv20) and 6600 from the S, marces- 
cens promoter tn pTL-uv40. Similar results were obtained 
when the smaller fragments with only the uvrA promoters 
were employed (Table 2). 2 h after induction with mitomycin 
C the cultures entered the stationary phase, and the /f-galsc- 
losidase activity increased gradually with all of the plasmids. 

The induction factors (level of induced activity divided 
by uninduced level) obtained with mitomycin C induction 
are shown in the right two columns of Table 2. In a ItxAr 
background she P. mirabiiis ssb promoter in pTL-sb22 was 
inducible (by a factor of 1.6). The tacZ expression from the 
larger fragment contained in pTL-sb20 was not inducible, 
rather it was slightly reduced after application of mitomycin 
C A similar observation was made in £, coii, where" the 
induction of the ssbP, promoler was accompanied by a 
decrease of the transcription from ssbP Kl and ssbP M (Brand- 
stna et al.. 1985), The expression towards ssb In Ihe other 
consiruels with promoters of E. coii, P. mirabiiis and £ 
marcescens was not inducible (Table 2), 



In contrast, transcription towards uvrA was induced by 
mitomycin C in constructs with the uvrA promoters of P. 
mirabiiis (by a factor of 1.5), S. marcescens (by a factor of 
2.6) and E. coii {by a factor of 3.2), which is in' accord with 
published data on E. coii (Kenyon and Waller, 1980). The 
inducibility was abolished in fe*43 cells fin which the LexA 
repressor is not cleaved due to a mutatioi ) indi in ig thai 
the SOS boxes at the uvrA promoters of P. mirabiiis arid S. 
marcescens were recognized by the £ coii LexA repressor. 

The observed absent or low SOS induction of the ssb 
genes may result from die use of the multicopy vector 
pTL61T, which might titrate the LexA repressor by the high 
number of SOS boxes/cell. Therefore, the insert fragments 
with the complete promoter regions were also cloned into the 
single-copy-number vector XTL61. However, the results of 
^-gaJactostdasc-activity detemunations with the phage vector 
(Table 3) after SOS induction gave an induction pattern in 
IexA* and lexA3 cells similar to that obtained with ihe 
multicopy vector. Again, the .^promoter regions of S. 
marcescens and P. mirabiiis (XTL-sb20 and ivTL-sb40) did 
not display any inducibility. 

The results suggest that the SOS-box-like sequences pre- 
ceding the ssb genes of P. mirabiiis and S. marcescens have 
no gross effect on the ssb gene expression in SOS-induced 
E- coii cells. Possibly, the similarity of the SOS-box-like se- 
quences of P. mirabiiis and S. marcescens to the £ coii SOS 
consensu sequence is not sufficiently high to allow efficient 
binding of the £. coii LexA repressor. This would leave open 
the possibility that these putative SOS boxes have a regula- 
tory function in P. mirabiiis and S, marcescens. Expression 
of the nucA gene of S. marcescens, which is also preceded 
by an SOS-box-like sequence, is inducible in S. marcescens, 
but not in £. coti (Ball e) al„ 1990). The uvrA genes of P. 
mirabiiis and S. marcescens are inducible in £ coii. although 
not to the same degree as the £. coii uvrA gene (Tables 2 
and 3). The lower induction factors could result from devia- 
tions in the nucleotide sequence of the SOS boxes in S. mar- 
cescens and P. mirabiiis from the E. coii SOS box consensus 



ATLsb20 400 + 34 380 + 36 470 + 36 560 ± 88 0.9 ± 0,1 (0.9) 0.9+0-0(1.0) 0.9 + 0,1(1.0) 

XTL-uv20 76 + 04 86 + 03 110+ 07 140 + 07 1.3 + 0.1(1,0) 1.4 + 0,1(1,0) 1.3 + 0,0(101 

J.TL-sb40 370 + 45 310 ± 32 380+ 17 450 ± 40 1,1 ±0,1 (1.1) 1.0 ±0.1 (0 9) 08 + 02(0") 

XTL-uv40 300 + 09 280 ± 04 320 + 04 33O±10 1.8 ±0.0 (1,0) 3.1 ±0.0 (10) 3.6 + 0.1(1,0) 

XTL-uv50 140 + 01 110+10 130+ 15 140 ± 12 1.7 ±01 (0,8) 3.2+0.1(1.0) 4.9+0,1(10) 

XTL61-CIS57 71 58 78 &4 1.1 (1,0) 1.0 (1.0) 10 (10) 



sequence. The SOS regulons of the three enterobacterial spe- 
cies are apparently similar, but they are probably not iden- 
tical The determination of the nucleotide sequences of more 
SOS boxes from S. nuircescens and P. mirabilis would be 
necessary for establishing the SOS consensus sequences for 
these species. 



Comparison of the amino acid sequences 

of chromosomal!)' and jilasmid-encoded SSB proteins 

in £, coli the N-terminal methionine residue of EcoSSB 
is cleaved post-transSaiionslly (Sancar et ai„ 1981). From the 
determination of the N-terminal amino acid sequences of 
PmiSSB and SmaSSB expressed in E. coli the same cleavage 
of methionine can be shown. The alignment of the amino 
acid sequences of the bacterial SSB proteins with those of 
live SSB prirtcms encoded by transmissible plasmids (Fig. 2) 
indicates that all eight proteins arc nearly identical up to po- 
sition 88, Amino acids thai arc presumed to be involved in 
tetramer formation (His.55; Williams ct al„ 1984; Curth e! 
al.. 190 1) or DNA binding (Trp4<), Trp54, Phc60, Trp88; 
Merril et al„ 1984; Casas-Fmec et ai„ 1987; Khamis ct al., 
1987; Cunh el al.. 1993) of the EcoSSB are found at iden- 
tical positions within al! eight proteins. The C-terminaJ third 
is more variable within each group, and between both groups 
the amino acid sequence similarity is low. From position 
114- 177, there are only three stretches of 4, 3 and 5 amino 
acids, starting at positions 136, 149, and 173, that are highly 
conserved in all eight SSB proteins. Other regions are highly 
conserved within a group, but are completely different be- 
tween both groups. This pattern of regions with high and low 
amino acid sequence similarity may reflect the evolutionary 
relstedncss of SSB, i. e. differences would indicate positions 
noi essential for the structure and functioning of the proteins. 
However, it is possible that the regions with low or no se- 
quence similarity between bacu-rial and pias mid-encoded 
SSB have different functions in both groups (Chase et al.. 
1983), 

Compared to the oiher SSB proteins, the E. colt SSB 
contains an apparent insertion of six amino acids at positions 
126-131 (the S. marcescens protein has a smaller insertion 
of three amino acids at the same position). This insertion 
could be a duplication of the nucleotide sequence thai imme- 
diately follows, encoding the amino acid sequence 
GWGQPQ. Only three nucleotides are different, which re- 
sulls the replacement of W by G. The duplication produces 
a further copy of she sequence GQPQ, which is one of the 



three conserved regions in the C-termiaus among all eight 
proteins. 



DNA blading by the SSB proteins 
from .V. marcescem and P. mirabilis 

One of the most important biophysical properties of SSB 
proteins is their ability to destabilize double-stranded nucleic 
acids. Fig. 3 shows the destabilization of alternating po- 
ly(dA-dT) by both S/rwSSB and PmiSSB. From the relative 
transition midpoints one sees directly th»t both proteins dras- 
tically destabilize poly(dA-dT) and that the doublc-strand- 
destabiitzing ability of SnwSSB is somewhat higher than that 
of PmiSSB. Undei the same conditions the transition mid- 
point of EcoSSB is at 4S°C which is almost equal to that of 
PmiSSB. 

For EcoSSB the binding to single-stranded nucleic acids 
has been investigated with various substrate* with the affinity 
decreasing in the OTder poly(dT), phage single-stranded 1>NA 
(fd, <0X174). poly(dC), poly(dC,dT). pcly(dA,dC), poly(rU), 
poly(dA), poJyribonucicic adds i Overman et a!., 1988; 
Greipel et. al, 1989). Since poly(dT) shows the strongest 
binding to EcoSSB it is especially suited to measure the 
binding-site size, However, this strong binding prevents the 
determination of binding affinities. In inverse titrations at 
0.3 M NaCl in standard buffer 65 nucleotides of poIy(dT) are 
covered by a single EcoSSB tetramer leading to a fluores- 
cence decrease of the protein by 90% {Lohman and Over- 
man. 1985, Bujalowski and Lohman, 1986; Bujalowski et 
al., 1988). Fig. 4 shows fluorescence titrations for StnaSSB 
and PmiSSB under the same conditions. Biosting-site size 
and fluorescence quench are similar to EcoSSB with only 
minor differences. For EcoSSB a binding-mode transition 
has been shown when changing the ionic environment from 
high salt (»0,3M NaCl) to low salt (s.0.05 M NaCl) where 
the apparent binding-site size decreases from 65 to 33 nucle- 
otides/'teu-amer (Lohman and Overman, 1985 ; Bujalowski et 
ai„ 19S8). A similar transition is observed for PmiSSB and 
SnoSSB (Ftg. 5). 

The kinetics of binding to poly(dT) can be observed by 
fluorescence changes in a stopped-ftow experiment. Using a 
kinetic model for the binding of a multidentate ligand so a 
linear polymer described earlier (Urbanke and Schaper, 
! 990) the association-rate constants for the binding of a pro- 
tein tetramer to its binding site was determined lo be 
(3 2±0A)XW »-< for PmiSSB and (3.4±0.4)X10" W 
s" for SmaSSB. These values do not differ significantly 
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Fig. 2. Alignment <,f SSB proteins from enterobucteria and conjwgatlr* pUsmid* F (Quae tt al., 1983), pIFWla, pl?71», RM 
(Ruvoio tt al„ 1991) am! Cullb-i*9 (HowLuud el aL, 1989). The alignment was performed with the program MUITALLN (C irpe . 1 >S8] 
using the Dayhoff-mairix (Dayboff. 1978) and a gap-penalty of 8. The sequences arc arranged is two groups (bacterial and pJasraid SSM • 
In each group, conserved amino acids are shown in bold type (»), Positions of identity between both groups (amino acids which are 
identical among of el least 50% of the members of each group). The number of amino acids of each protein (M a») and the pt 
amino aciifc. identical to the E coil protein (us identity) are given. 




Fig. 3. Melting profiles of poly(dA-dT) and Its complexes with 

ftnt'SSB and SmaSSB, 38,0 jtM poly(dA-dT) alone [d(AT)J and 
with l.JjiM PmrSSB {.Pits) or SmoSSB (Sra) respectively m stan- 
• d buffer at 0.1 M Nad. Transition midpoints are at 6i°C Jd(AT)], 



Inverse fluorescence titration of PmiSSR (•) and SmoSSB 
t*J with poly(dT). 031 jiM SSB protein (tetramer) were titrated 
with iH,.snfr;, at 0.3 M NaCl in standard buffer. The binding-site 
size and fluorescence quench were calculated to be 66 nucleotides, 1 



47'C (Pm). and 45=C (Sm) Absorb ice banges w rrx «ired at wtramcr and 89% for ftwSSB, and 65 nDcleotitJesAetramer ami 90% 
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Fig. 5. Inverse llwrtSWKt tllrstSon of ».18 juM PrniSSB <•) a/Ml 
0.15 jiM SmaSSB (A) with polytdT) at 1 mM N»C1, 1 mM potas- 
sium phospb»t* t pH 7 A 0.1 mM EDTA *nd lOOppm T»tm2fl. 

The binding-site size was estimated from the limiting slopes to be 
37 residuts for PrniSSB and 36 residues for SmaSSB, respectively. 



from vhc values determined for EcoSSB (Urbanke and 
Schapcr, 1990). 

Subunft exchange 

Evidence for the structural and functional similarity of 
the various SSB proteins would be their ability to form 
mixed tetramers with each other. Different electrophoretic 
mobilities in a i ton-denaturing agarose gel can be used lu 
separate homogeneous and mixed tetramers. SSB proteins, 
due to the highly charged C terminus, have a net negative 
charge. Pmi'SSB having one acidic residue more than 
froSSB and SnwSSB can he separated from the latter two 
r;< tcms I obtain differences irt nicctroptwrcti mobility be 
twecn kcoSSB and SmaSSB we used a deletion mutant of 
£Yv>SSB (£c«SSBAlt6 -167) having the same net charge as 
wild type fcV«SSB but a reduced molecular mass and thus 
higher" cEectrophorctic mobility. £«>SSBAl 16- 167 cannot 
be separated, however, from PrniSSB. 

As shown in Fig 6 the different SSB proteins form mixed 
tetramers when incubated for 65 h at room temperature. In 
a time-rcsolvcd exchange experiment between PrarSSB and 
i'maSSB the first mixed tetramers appeared after 12 h (data 
not shown), There is no preference for the homotelramers in 
the exchange experiments. We therefore conclude that the 
mechanism of interaction in forming the tetramer must be 
virtually identical in all SSB proteins investigated. If the ex- 
change was statistically random, a 1 : 1 mixture of SSB pro- 
teins A and B should form five types of tetramers (.A,, A>B, 
AjB;, AB, and B 4 ) in a binominal distribution 1 :4:6:4:1. 
This behaviour his been shown for lactate cehydrogeiiase 
(Marker!, 1963). which is a tetramer formed by two electro- 
phorelically distinguishable subuntts. The relative intensities 
of the different bands in Fig. 6 show, however, that the 
amount of the A,B, type is far more than S0?fe larger than 
thai of i lie corresponding A,B or AB, heteroieiramers, Tnis 
observation can be explained if the exchange is prei'erenlially 
between dimers and not monomers, This explanation agrees 
weli with die fact that £t£>SSB crystals show a D x symmetry 
(Hilgenfeld ei al., 1984) and suggest a dimer-of-dimers struc- 
ture for the tetramer. Tetramers which contain two diiners of 
two different species could then very well be more prominent 
lhan 1 : mixed telramers. One might speculate that different 
structural domains in the monomer might be responsible for 




Fig. 6. Subtmit exc6*nfe§ between difl>r*rt( SSB tetramers. 
Agarose-gel ele«rophoresis of different proteins mixed together in 
equimnlar amount'} and incubated at 23 "C for 65 Is, or put immedi- 
ately onto the gel (0 h), and unmiied proteins, from top to bottom,' 
PrniSSB with £u/SSB, Oh, ftntSSB wilh EcoSSB, 65 h; EcvSSB 
alone; PrniSSB alone; PrniSSB with SmaSSB, 65 h; ftro'SSB with 
SmaSSB, 0 h; WSSB alone; SmaSSB with £«?SSB<A1i6- 167), 
65 h; SmaSSB with £coSSB(Atl6- 167), 0 h; &t>SSB(AH6- 167) 
alone; EcoSSB with £coSSB{A116 167), 65 h; EcoSSB with 
£coSSB(A1 16-167), Oh. 



dimer and tetramer formation. Experimental results which 
show no detectable amounts of dimers in the dissociation of 
£coSSBH55Y (ssb-1) (Bujalowsti and Lohman, 1991) do 
not contradict this interpretation since in both cases the di- 
meric state is only a transition state in cither dissociation or 
subunit exchange and is not significantly populated com- 
pared to monomers or tetramers, Furthermoi-e die compa- 
tibility of the SSB subunits from different species differ- 
ing mainly in their C -terminal sequence and dial of 
£<.-oSS8A116~ 167 indicates that telramcr formation is inde- 
pendent of the C-tcrrrunal amino acids, 

CwnptementaHon of E. coti mutants 

by the ssb genes of P. mirairilis and S, marcesctns 

The construction of an ssb deletion mutant, which is via- 
ble only when bearing a helper plasmid with an ssb gene 
(Porter et al„ 1990) has made complementation studies with 
heterologous ssb genes possible (no £ccSSB is present) Pre- 
viously, She presence of ssb-1 or ssb-113 alleles (pom! mu- 
tations) in E. coti precluded correct interspecies complemen- 
tation studies. The deletion mutant was used to determine the 
generation time and ultraviolet resistance of E. coti cells with 
PmiSSB or SmaSSB, as measures for the function of these 
proteins in DNA replication and repair. 

The generation time of E. coti RDP268 {hssb) carrying 
the 5". tnarcescens ssb gene on the siiiglc-copy-nuuiber 
plasmid pSBL4 (Table 1) was 20.7 ±0.8 min. compared to 
20.9 ± 0.6 min with the E. coli ssb gene on the same vector 
{plasmid pSBL^; Table 1). With PrniSSB the generation time 
was 20.5+0.5 min (de Vries and Wackernage), 1994). Thus, 
both heterologous SSB proteins can efficiently replace the 
£cwSSB in its function in DNA replicators, 

The ultraviolet sensitivity of E. coti RDP268 with pSBI,4 
or pSBL5 is shown in Fig, 7, In the j5tJ-uvrA deletion mutant, 
the recovery from ultraviolet damage depends on recombina- 
tions I repair due to the lack of the UvrA protein required for 
excision repair. SrrwSSB promotes DNA repair in uvrA cells 
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Fig, 7, Uhravkjlel sensitivity of B, coll uvrA-ssb (RDP268; Table 
1) with the ssb genes of S. marc esc em (located on pSBL4; 4) or 
B. coli (located oo pSBLS; ■). The curves are means from three 
experiments. The error bars indicate standard deviations. 



with the same efficiency as £ct>SSB. 'This was also the case 
for PmiSSB (de Vries and Wackemagel , 1994). Thus, the 
differences in the amino acid sequences of the three entero- 
bacterial SSB have no measurable effect on replication and 
rceombmational repair in E coli. The high similariry of the 
physicochermcai properties () f fj, e proteins (see above) is 
probably the basis for the full support of replication and re- 
combinational DNA repair in £. coli by the three proteins, 

If interactions of SSB with other components of the 
maiTomolecular DNA metabolism exist, they seem not to be 
species specific, because the function of the EcoSSB can be 
fully replaced by 5m<)SSB or PmiSSB. In previous experi- 
ments, in which other enzymes of die macromolecuiar DNA 
metabolism were exchanged between the three species, evi- 
dence for species-specific interactions between Ret A and 
ReeBCD enzymes was obtained (Rittken el al„ 1991; de 
Vries and Wackemagel, 1992), The tolerance for non-cognate 
SSB proteins as observed here would also be expected if no 
interactions of SSB with other enzymes exist. 
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